Purpose This study was conducted in order to investigate the effects of reactive oxygen species (ROS) levels on the seminal plasma (SP) metabolite milieu and sperm dysfunction. Methods Semen specimens of 151 normozoospermic men were analyzed for ROS by chemiluminescence and classified according to seminal ROS levels [in relative light units (RLU)/s/10 6 sperm]: group 1 (n = 39): low (ROS < 20), group 2 (n = 38): mild (20 ≤ ROS < 40), group 3 (n = 31): moderate (40 ≤ ROS < 60), and group 4 (n = 43): high (ROS ≥ 60). A comprehensive analysis of SP and semen parameters, including conventional semen characteristics, measurement of total antioxidant capacity (TAC), sperm DNA fragmentation index (DFI), chromatin maturation index (CMI), H19-Igf2 methylation status, and untargeted seminal metabolic profiling using nuclear magnetic resonance spectroscopy (1H-NMR), was carried out. Result(s) The methylation status of H19 and Igf2 was significantly different in specimens with high ROS (P < 0.005). Metabolic fingerprinting of these SP samples showed upregulation of trimethylamine N-oxide (P < 0.001) and downregulations of tryptophan (P < 0.05) and tyrosine/tyrosol (P < 0.01). High ROS significantly reduced total sperm motility (P < 0.05), sperm concentration (P < 0.001), and seminal TAC (P < 0.001) but increased CMI and DFI (P < 0.005). ROS levels have a positive correlation with Igf2 methylation (r = 0.19, P < 0.05), DFI (r = 0.40, P < 0.001), CMI (r = 0.39, P < 0.001), and trimethylamine N-oxide (r = 0.45, P < 0.05) and a negative correlation with H19 methylation (r = − 0.20, P < 0.05), tryptophan (r = − 0.45, P < 0.05), sperm motility (r = − 0.20, P < 0.05), sperm viability (r = − 0.23, P < 0.01), and sperm concentration (r = − 0.30, P < 0.001). Conclusion(s) Results showed significant correlation between ROS levels and H19-Igf2 gene methylation as well as semen parameters. These findings are critical to identify idiopathic male infertility and its management through assisted reproduction technology (ART).
Introduction
Male infertility is a multifactorial condition with complex pathophysiological mechanisms [1, 2] . Despite remarkable advances in diagnosis, a significant number of cases remain unexplained [3] . Current research is focused on the investigation of molecular mechanisms implicated on the etiology of male infertility, including epigenetics and metabolomics [4] [5] [6] .
Epigenetics include processes like DNA methylation, posttranslational modifications of histones, and chromatin remodeling [7] . The male germ line contains paternally imprinted genes that are primarily silenced through DNA methylation, including the RAS protein-specific guanine nucleotidereleasing factor 1 (RASGRF1), gene trap locus 2 (GTL2), and Igf2-H19 loci [8] . A limited number of imprinted genes have been reported to have a methylation mark in the male germ line that are initiated during germ cell development in embryogenesis, and detailed research has yet been confined to only three of the reported genes, namely IGF2/H19, Rasgrf1, and Gtl2 [9] . However, out of these three, the H19-Igf2 locus is the best-characterized gene with reciprocal paternal Igf2 (insulin-like growth factor 2) and maternal H19 gene expression [10] . Insulator proteins (CCCTC-Binding factor, CTCF) bind to differentially methylated regions of Igf2-H19 to inhibit promoter-enhancer interaction and regulate gene transcription [11] .
The expression of H19 gene has an inverse relationship with cellular growth [12] . It has been shown that spermiogenesis is inhibited when expression of H19 gene is high [13] . In contrast, silencing of H19 gene by methylation in the CpG islands of its promoter region results in normal sperm maturation [13] [14] [15] . On the contrary, Igf2 gene expression is involved in cellular growth and proliferation. Methylation of the Igf2 gene promoter silences its expression; in male germ cells, factors inducing Igf2 gene methylation inhibit cellular growth [13, 16] . Despite recent studies about the effect of reactive oxygen species (ROS) on methylation of important genes for male fertility [17] , no study has yet investigated the impact of ROS-induced changes in the methylation pattern of H19 and Igf2 genes and the possible effects on semen parameters.
Seminal plasma (SP) metabolites also contribute to semen quality by acting as a mixed nutritive-protective medium for sperm maturation and function [18] . ROS may alter the SP metabolite milieu and contribute to sperm dysfunction [19, 20] . In fact, nuclear magnetic resonance (NMR) spectra have displayed significant differences in lactate, citrate, g l y c e r y l p h o s p h o r y l e t h a n o l a m i n e , a n d glycerylphosphorylcholine among semen samples of men with obstructive azoospermia, oligoasthenoteratozoospermia, and spermatogenic failure when compared to healthy men [21] . Furthermore, metabolite imbalance in SP seems to impact assisted reproductive technology (ART) outcomes negatively [19, [22] [23] [24] . Nevertheless, the association between ROS-induced alterations in SP metabolites and the effect on semen quality remains unknown.
Despite the existence of studies evaluating the effects of ROS on methylation status of H19-Igf2 [25] and SP metabolites [26, 27] , an integrative approach assessing the effect of ROS on both gene methylation and SP metabolite profiling and how these effects translate to semen characteristics have not been carried out yet. Specifically, there is a need to clarify whether the effect of seminal ROS on gene methylation, seminal metabolites, and sperm quality could be level dependent. We therefore designed a study to elucidate whether an association exists between SP ROS levels and alterations of imprinting gene methylation patterns, SP metabolites, and semen parameters. Our objective was to unravel novel pathophysiologic pathways involved in unexplained male infertility that may allow the development of targeted therapies. 
Materials and methods

Ethical approval
Study subjects
This prospective study was carried out including fresh semen specimens of 151 normozoospermic male partners of unexplained infertile couples enrolled in infertility treatment at the Avicenna Infertility Clinic affiliated to Avicenna Research Institute, Tehran, Iran, between April and May 2016. Informed consent was obtained from all subjects, which was approved by the Medical Ethics Committee of Avicenna Research Institute. None of the subjects had any history of pelvic and genital infections, chronic diseases (diabetes, cancer, etc.), endocrine abnormalities, chromosomal aberrations, azoospermia, and leukocytospermia. Participants were nonsmokers and had not taken any medication with potential gonado toxic effects within at least 3 months before enrollment.
Semen collection, analysis, and storage Each patient contributed one specimen which was collected by masturbation into a sterile container in a room located adjacent to the laboratory. Patients were asked to abstain from ejaculation for 3-5 days before collection. After 30-min liquefaction at 37°C, an aliquot of the sample was used for semen analysis. The sperm concentration, total sperm motility, viability, and sperm morphology were assessed using a CASA according to the WHO guidelines. Sperm parameters were considered normal when sperm concentration was ≥ 15 million/ml, total sperm motility (progressive + nonprogressive) ≥ 40%, viability ≥ 58%, and normal sperm morphology ≥ 4% in compliance with the WHO criteria [28] . Normozoospermia was also confirmed by manual semen analysis. Leukocyte number was assessed using the peroxidase test. None of the specimens had more than one million peroxidase-positive leukocytes per milliliter of semen [28] . The SP and sperm fractions were prepared within 1 h after semen collection. The total semen was centrifuged at 300g for 5 min. SP and sperm were stored at − 20°C separately until the completion of the measurement of all other parameters. Common semen analysis, ROS, and total antioxidant capacity (TAC) were assessed in fresh samples, and the frozen-thawed specimen was used for DNA fragmentation index (DFI), sperm chromatin maturity index (CMI), DNA extraction, methylation specific PCR (MSP), and NMR assays.
Measurement of ROS in semen
ROS was measured in fresh liquefied semen by chemiluminescence assay using luminol (5-amino-2,3-dihydro-1,4-phthalazinedione). Luminol oxidizes at neutral pH in the presence of ROS resulting in chemiluminescence, which was measured using Cytation™ 3 (BioTek, USA). For the analysis, 1.2 μl of 5 mM luminol (dissolved in dimethyl sulfoxide, Sigma) was added to 40 μl of neat semen sample. ROS levels were determined by measuring chemiluminescence (relative light units (RLU)/s) at 1 min intervals after the addition of luminol, over a total period of 15 min in triplicate and then averaged for each sample. Blank (phosphate-buffered saline solution, PBS), negative control (PBS + luminol), test sample (neat semen sample + luminol), and positive control (H 2 O 2 + luminol) were run in the same plate. To eliminate any variation, the mean control value was subtracted from the mean semen value to give the true value of the test sample. This value was adjusted for sperm concentration and ROS were reported as RLU/s/10 6 sperm [29] , and specimens were classified according to seminal ROS levels into four groups: group 1 (n = 39): low (ROS < 20 RLU/s/10 6 sperm), group 2 (n = 38): mild (20 RLU/s/10 6 sperm ≤ ROS < 40 RLU/s/10 6 sperm), group 3 (n = 31): moderate (40 RLU/s/10 6 sperm ≤ ROS < 60 RLU/s/ 10 6 sperm), and group 4 (n = 43): high (ROS ≥ 60 RLU/s/10 6 sperm). These four groups were determined based on the previous studies which showed that high ROS level could damage sperm chromatin and decrease ART outcomes [30] [31] [32] . For quality control of the assay, intra-assay coefficient of variation (CV) was calculated in three levels of ROS concentrations in 15 replications and all the resultant CVs were less than 10%. The assay sensitivity based on mean ± 2SD signal of zero standard in 15 replications were 1 RLU. The assay relative accuracy was determined using parallelism test and measured to expect the ratio was between 90 and 110%. 
Measurement of TAC
Assessment of DFI
Sperm DNA fragmentation was assessed by the sperm chromatin dispersion (SCD) test using SDFA kit (Dain Bioassay Co, Iran) [34] . The halosperm assay was based on the sperm characteristics to produce halo following acid denaturation and removal of nuclear proteins [35] . Briefly, 50 μl washed frozen sperm was mixed with 50 μl agarose (6.5%); 20 μl of this mixture was loaded onto a pretreated glass slide and placed on a cold surface (4°C) for 5 min. Then, the slides were treated with denaturing solution for 7 min and lysing solution for 15 min. Subsequently, the slides were washed for 5 min with distilled water and dehydrated using increasing concentrations of ethanol (70, 90 , and 100%), and finally, airdried slides were stained. Slides were examined with an optical microscope at ×400 magnification and a minimum of 200 spermatozoa were assessed. Sperm with the large halo was classified as normal and those with no or small halo were classified as DNA fragmented sperm. The DFI is expressed as percentage (%) of sperm with fragmented DNA [35] .
Assessment of CMI
The degree of sperm chromatin compaction, maturation, and sperm chromatin defects related to nucleoprotein content was assessed using aniline blue staining [36] . An aliquot of washed frozen sperm was diluted (to 1 × 10 6 sperm/ml concentration) with PBS and centrifuged at 300g for 5 min. The sediment was completely covered and fixed with 3% glutaraldehyde for 5 min at 4°C. The fixed specimen was used for the preparation of thin smears. Each slide was then stained with aniline blue (Sigma, USA) at room temperature. A minimum of 200 spermatozoa were assessed per specimen at ×1000 magnification using a light microscope. The pink and blue spermatozoa were classified as mature and immature spermatozoa, respectively, and CMI was expressed as the percentage of total sperm count [37] .
Sample preparation and NMR spectroscopy
Seminal proteins of the lowest and highest ROS groups (groups 1 and 4) were precipitated by the addition of 500 μl of cold methanol-water (9:1) mixture to 400 μl of the human SP. The mixture was placed at 4°C for 20 min and then centrifuged at 10,000 rpm for 10 min. The supernatant was then subjected to NMR spectroscopy [38] .
1H-NMR acquisition and data processing
The 1H-NMR spectra were acquired using a Bruker DRX500 MHz spectrometer operating at 500.13 MHz, equipped with 5 mm high-quality NMR tubes (Sigma Aldrich, RSA). SP and D 2 O (10:1 v/v) (deuterium oxide, 99.9% D, Sigma, USA) were mixed and transferred to 5 mm NMR tube. The 1H-NMR spectra of SP samples were acquired at 25°C using the Carr-Purcell-Meiboom-Gill (CPMG) spin-echo pulse sequence, π/2-t D -π-t D , to attenuate broad signals from high molecular weight components [39] . The acquisition parameters included a 10.5-ms 90 pulse, a relaxation delay of 2 s, a spectral width of 8389.26 Hz, an acquisition time of 1.95 s, 32 k data points, 154 scans, and line broadening 0.3 Hz.
The NMR spectra were referenced to solvent within XWIN-NMR. All spectra were manually phased and baseline corrected using the XWIN-NMR (version 3.5, Bruker Spectrospin Ltd., Germany). The regions 0.2-10 ppm were divided into 0.02 ppm wide buckets by the ProMetab software (version prometab_ v3_3) [40] in MATLAB (version 6.5.1, The MathWorks, Cambridge, UK), excluding the region 4.2-5.5 ppm around the water peak. For all spectra, baseline correction, normalization, and alignment were performed using ProMetab software in MATLAB. Then, the data were imported to SIMCA 14.0 (Umetrics, Umea, Sweden) for multivariate statistical analysis.
Each metabolite reference spectrum was identified via single or multiple peaks, characterized by their respective parts per million (ppm) positions as well as their relative intensities. The metabolites were identified according to signal multiplicity and published literature and online databases. The biological databases such as the Human Metabolome Database (HMDB), literature [41] [42] [43] [44] [45] , Bayesil software [46] , Kyoto Encyclopedia of Genes and Genomes (KEGG), and WikiPathways [47] were used to obtain exhaustive information on metabolites.
DNA extraction
DNA was isolated from spermatozoa using TRIzol reagent (Invitrogen, Carlsbad, CA) as previously described [48] . The DNA concentration of each sample was determined by a NanoDrops ND-1000 spectrophotometer (PeqLab, Erlangen, Germany).
Evaluation of gene methylation by MSP
The methylation status in H19 and Igf2 was observed by comparing DNA from semen samples of all four groups. Bisulfite modifications of extracted DNA samples were performed manually. Denaturation of 2 μg of genomic DNA was carried out using NaOH and then modified by sodium bisulfite. DNA samples were purified using Wizard DNA purification resin according to the manufacturer's instructions (Promega, USA). These DNA samples were again treated with NaOH, precipitated with ethanol, and resuspended in water [44, 49] . Treatment of DNA with bisulfite converts cytosine residues to uracil but leaves 5-methylcytosine residues unaffected. Therefore, DNA that has been treated with bisulfite retains only methylated cytosines. Thus, bisulfite treatment introduces specific changes in the DNA sequence that depend on the methylation status of individual cytosine residues, yielding single-nucleotide resolution information about the methylation status of a segment of DNA. The modified DNA was amplified by MSP using specific primers. The primer sequences for methylated (M) and unmethylated (U) PCR are shown in Table 1 . Primer pairs were designed to be BM, methylated-specific^by including sequences complementing only unconverted 5-methylcytosines, or, on the converse, BU, unmethylated-specific,^complementing thymines converted from unmethylated cytosines. Unmethylated alleles were differentiated from methylated alleles according to the alterations observed in their sequence via bisulfite treatment of DNA, to change unmethylated cytosines to uracil [50, 51] . Methylation is determined by the ability of the specific primer to achieve amplification. The PCR reactions were carried out using Master Mix PCR buffer (6 μl), primers (50 pmol per reaction), and bisulfite-modified DNA (50 ng) in a final volume, 12 μl. Reactions were carried out at 95°C for 5 min. Amplification was carried out in Mastercycler Gradient (Eppendorf, Hamburg, Germany) for 35 cycles, and then it was subjected to 4 min extension at 72°C. Two sets of primers were simultaneously used to determine methylated or unmethylated CpG islands ( Table 1 ). The controls for methylated and unmethylated DNA were human methylated and nonmethylated DNA sets, respectively (Zymo Research, CA, USA). Each PCR reaction product (10 μl) was directly electrophoresed into a 1.5% agarose gel, which was later stained with nucleic acid gel stain (Smobio, Hsinchu City, Taiwan) to allow DNA visualization under UV illumination. The methylation status of the gene was classified as methylated when amplification products were found in the reactions with M primers. The unmethylated status was reported when amplification products were detected in reaction with U primers. A hemimethylated status was reported when amplification products were found in reaction with both U and M primers. When a band is found in the unmethylated sample but not in the control, it was defined as unmethylated. However, when a methylated band was observed in a sample but was absent in the control, the sample was defined as methylated (or hemimethylated in case both unmethylated and methylated bands were found in the sample).
Statistical analysis
Statistical Package for Social Sciences (SPSS) software (version 16.0, Chicago, IL, USA) was used for statistical analyses. Data was assessed for normality test by Q-Q plots. Descriptive statistics (mean ± 2SE) were also reported for all variables. The analysis of variance (ANOVA) and Kruskal-Wallis were used for comparing the four groups. The post hoc tests in ANOVA/KW were Tukey and Bonferroni. Pearson's and Spearman correlations were used for parametric and nonparametric variables in the four groups. In all statistical analyses, a P < 0.05was set as significant. The pairwise comparisons in KW were reported by BP value/6.^Cross-tab analysis was carried out to determine the ROS cutoff points associated with an effect on methylation. Statistical software SIMCA 14.0 (Umetrics, Umeå, Sweden) was used for multivariate analysis of the NMR dataset. The metabolic fingerprinting was assessed according to the level of ROS (ROS ≥ 60 RLU/s/ 10 6 sperm: high; ROS < 20 RLU/s/10 6 sperm: low). The obtained matrix including 30 samples and 408 variables was imported into SIMCA 14 and mean centered before multivariate statistical analysis. To show clusters and outliers, principal components analysis (PCA) was performed. Then, orthogonal projections to latent structures discriminant analysis (OPLS-DA) was carried out to find discriminative variables (buckets) between groups 1 and 4 [52] . A supervised pattern recognition approach was used to construct predictive models and identify metabolite fingerprint differences. The quality of the OPLS-DA model was evaluated by R2X, R2Y, and Q2, which were calculated by the default leave-one-out (LOO) procedure. R2 and Q2 are the goodness of fit and goodness of prediction, respectively [53] . A further validation of the model was performed using a receiver-operating characteristic (ROC) analysis generated from 7-fold cross-validation, and the area under the ROC curve (AUC) value was calculated using SPSS 16.0 (SPSS, Inc., Chicago, IL) with 95% confidence interval.
Results
Methylation patterns of H19 and Igf2 genes and ROS levels
The methylation status in the promoter region of H19 and Igf2 genes was significantly different in specimens with high ROS levels than moderate, mild, and low counterparts (P < 0.005). All specimens had evidence of H19 and Igf2 methylation in the CpG islands of their promoters (Fig. 1 ). Significant methylation of Igf2, partial and complete, was noted in a large proportion of specimens of groups 2 and 4 (73.6 and 70.7%, respectively) (Supplementary Table 1 ). In contrast, Igf2 partial and complete methylation was noted in a small proportion of group 1 and 3 specimens (38.5 and 61.3%, respectively) (χ 2 = 13.97, df = 3, P < 0.005) ( Table 2 ). Pairwise comparisons were carried out using post hoc tests and the P values are reported in Table 2 . H19 also exhibited evidence of significantly increased methylation status, both complete and partial methylation. A large percentage of specimens from groups 1 and 3 were found to have partial or complete H19 methylation (94.9 and 83.9%, respectively) (Supplementary Table 1 ). In contrast, a small percentage of specimens from groups 2 and 4 exhibited partial or complete H19 methylation (76.3 and 63.4%, respectively) (χ 2 = 21.09, df = 3, P < 0.0001). Pairwise comparisons and the P values are shown in Table 2 . There were significant changes of sperm H19-Igf2 methylation in specimens with ROS cutoff values of 60 RLU/s/10 6 sperm or greater. The specificity and sensitivity of ROS in the range of 40-100 RLU/s/10 6 sperm for H19 and Igf2 methylation are shown in Table 3 .
Metabolic fingerprinting and ROS levels
The metabolic fingerprinting was assessed according to the presence of high (ROS ≥ 60 RLU/s/10 6 sperm) and low (ROS < 20 RLU/s/10 6 sperm) ROS levels. The obtained matrix having 30 samples (15 samples randomly selected from groups 1 and 4, respectively) and 408 variables was imported into SIMCA 14. The multivariate analysis identified a significant 114 ppm, and then the fold change more than 1.5 was set for these; eventually about 6 ppm was detected. Seven different metabolites were identified according to the literature and online database. Metabolic fingerprinting by 1H-NMR revealed upregulation of trimethylamine N-oxide (P < 0.001) and downregulation of tryptophan (P < 0.05) as well as tyrosine/tyrosol (P < 0.01) in SP samples with high ROS levels (Fig. 2) . These metabolites were deemed as major predictors of increased ROS level, verified using 15 samples of ROS ≥ 60 RLU/s/10 6 sperm and 15 SP controls. The distinct peak (ppm), fold change, and direction of variation of metabolites are summarized in Fig. 2 .
For an overview of the dataset obtained from 1H-NMR spectra of SP samples, pattern recognition, and outlier detection, a multivariate analysis of the two groups was first performed by PCA with R2X = 0.908, Q2 = 0.811. The score plot of PCA showed no separation between the two groups. All samples were in the Hotelling's T2 99% confidence limit, and no outlier was detected within the PCA score plot (Fig. 3) . In Hotelling's T2 line plot of the SP samples. All the samples were in the Hotelling's T2 99% confidence limit, and no outlier was detected order to get a better separation, the supervised OPLS-DA classification model using one orthogonal component and three predictive components was established, and even clearer class discrimination was obtained. The goodness of fit values and predictive ability values (R2X, R2Y, and Q2), respectively, were 0.882, 0.971, and 0.884 (Fig. 4) . The predictive model was validated with a P value of 1.69 × 10 −6 and AUC = 1.
Semen characteristics and ROS levels
A significant reduction in total sperm motility (P < 0.05) and concentration (P < 0.001) was noted in the specimens with high ROS levels ( Table 4) , whereas higher CMI and sperm DFI were noted ( Fig. 5 and Table 5 ) in both specimens with moderate (P < 0.05) and high ROS (P < 0.005). In contrast, TAC values were decreased in all specimens when compared to low ROS levels (P < 0.001) ( Table 5) . Although TAC values decreased in groups 2, 3, and 4, it is interesting to note that the intergroup comparison of TAC showed an increasing trend between group 2 vs 3 (P < 0.05) and group 3 vs 4 (P < 0.01) ( Table 5) .
Correlation analyses
Pearson's and Spearman correlations showed that ROS levels were positively correlated with Igf2 methylation (r = 0.19, P = 0.018), DFI (r = 0.40, P = 0.000), CMI (r = 0.39, P = 0.000), and trimethylamine N-oxide (r = 0.45, P = 0.015) and negatively correlated with H19 methylation (r = − 0.20, P = 0.013), tryptophan (r = − 0.45, p = 0.014), sperm motility (r = − 0.20, P = 0.012), sperm viability (r = − 0.23, P = 0.005), Group 1: ROS < 20, group 2: 20 ≤ ROS < 40, group 3: 40 ≤ ROS < 60, and group 4: ROS ≥ 60. The analysis of variance (ANOVA) was used for comparing these four groups. Data are expressed as means ± SD. P ≤ 0.05, significant; P ≤ 0.001, highly significant N-morph, normal morphology; SC, sperm concentration; SE, standard error; NS, not significant and sperm concentration (r = − 0.30, P = 0.000) ( Table 6 and Supplementary Table 2 ).
Discussion
Our findings indicate a positive association between ROS levels and alterations in H19-Igf2 methylation as well as metabolite concentration, with an overall detrimental effect on semen quality. The methylation status in the promoter region of H19 and Igf2 genes was markedly different in specimens with high ROS levels than moderate/mild/low counterparts. Metabolic fingerprinting by 1H-NMR revealed upregulation of trimethylamine N-oxide and downregulation of tryptophan as well as tyrosine/tyrosol in SP samples with high ROS levels. Furthermore, reduction in sperm quality was noted in specimens with high ROS levels, including decreased sperm motility, sperm count, and sperm DNA integrity. Based on our novel data, we speculate that deterioration of semen quality and sperm DNA integrity in specimens with moderate/high ROS levels is mediated by alterations in the methylation status of H19-Igf2 genes and SP metabolite concentrations. However, we have not evaluated the potential cause(s) of ROS generation, and data on possible influencing factors such as food consumption trends, environmental exposure, and body mass index (BMI) were not recorded. In this study, bisulfite MSP analysis of 151 sperm DNA showed that methylation errors were specific for imprinted genes at higher seminal ROS levels (> 60 RLU/s/10 6 sperm) (Fig. 1 ). Our data indicates that the rate of methylation in differentially methylated region (DMR) is reduced in the presence of elevated seminal ROS level, which results in the expression of H19 and inhibition of Igf2 following the binding of CTCF at its promoter. Insulin-like growth factor 2 expressed by Igf2 gene induces growth and division of cells in different tissues, while H19 has a role in the negative regulation (or limiting) of cell proliferation [54, 55] . We speculate that the suppressed expression of Igf2 and induced expression of H19 at high levels of ROS can inhibit spermiogenesis resulting in semen quality deterioration.
The H19-Igf2 locus has been extensively studied over the past years [56] [57] [58] . These are located on human chromosome 11p15.5 and expression of H19 is associated with silencing of Fig. 5 Representative image of aniline blue staining (CMI) and sperm chromatin dispersion (SCD) test Igf2. This locus contains the maternally expressed H19 gene and paternally expressed Igf2 gene whose expressions are closely linked. Imprinting at the coding regions of Igf2 and H19 are kept apart from one another via a DMR, which is methylated on the paternal chromosome and remains unmethylated on the maternal chromosome. Expression of Igf2 and H19 genes is regulated by a single 3′-distal enhancer. DMR methylation on the paternal chromosome inhibits CTCF binding to DMR, activating the Igf2 promoter. Hence, Igf2 mRNA is transcribed from the paternal chromosome and H19 is silenced. By contrast, as the maternal chromosome is devoid of methylation on DMR, CTCF binds with it preventing the activation of the Igf2 and transcription of H19 mRNA from the maternal chromosome [59, 60] . Recent investigations corroborate our findings by showing that altered DNA methylation in H19-Igf2 locus of human-imprinted genes was associated with semen quality, disrupted spermatogenesis, and different causes of male infertility, including severe oligozoospermia, Beckwith-Wiedemann syndrome, and SilverRussell syndrome [13, 14, 16, 37, [61] [62] [63] [64] .
Our results suggest a link between ROS-induced alterations in seminal metabolites and altered semen quality. Untargeted metabolic profiling by 1H-NMR revealed the upregulation of 7-methylxanthine, gentisic acid, histidine, and trimethylamine N-oxide and the downregulation of tryptophan, tyrosine, and tyrosol in the SP of the group with ROS level ≥ 60 RLU/s/10 6 sperm. Since these metabolites play significant roles in sperm Table 6 Correlations between sperm DFI, CMI, TAC, H19/Igf2 methylation level, ROS, metabolites, and conventional semen criteria maturation [65, 66] , an imbalance in their SP concentrations might deteriorate semen quality. Metabolites like 7-methylxanthine, gentisic acid, and trimethylamine N-oxide have an essential role in reducing OS and apoptosis and in regulating redox homeostasis [67] . Histidine has antioxidant and antiinflammatory properties owing to its ROS scavenging action [68, 69] . In our study, elevated concentrations of these metabolites, particularly trimethylamine N-oxide, in specimens with high ROS levels might reflect the activation of antioxidant defense mechanism in the male reproductive tissues, a fact corroborated by the concomitant increase in TAC values. SP levels of tryptophan, tyrosine, and tyrosol were decreased in specimens with high ROS, suggesting an imbalance of antioxidant regulation with detrimental effects on semen quality. Notably, antioxidant levels of tryptophan have been associated with sperm motility, viability, and morphology [70, 71] . Low SP levels of tyrosine, the precursor of thyroid hormones, were found to be associated with sperm maturation, acrosome reaction, and infertility [72] [73] [74] [75] . Also, tyrosol has been associated with normal sperm physiology [76, 77] and DNA integrity [78] . In general, our findings are in line with several studies that demonstrated the potential role of SP constituents in male infertility [65, 66, [79] [80] [81] . Although many studies have been done on the level of ROS in SP, a definite cutoff value was not determined [29, 82] . In this study, cross-tab analysis showed that ROS cutoff values of 60 (specificity 57.7%, sensitivity 12.8%, P < 0.005), 65 (specificity 60.4%, sensitivity 11.4%, P < 0.005), 70 (specificity 61.1%, sensitivity 9.4%, P < 0.05), 75 (specificity 62.4%, sensitivity 8.1%, P < 0.05), and 90 (specificity 66.4%, sensitivity 6.0%, P < 0.05) RLU/s/10 6 sperm might be used for categorizing semen specimens based on H19 and Igf2 methylation levels. Although the methylation changes were significantly observed in ROS 60, 65, 70, 75 , and 90 RLU/s/10 6 sperm, lower ROS (60 RLU/s/10 6 sperm) has better potential for future application in ART. The specificity of 57.7% and the sensitivity of 12.8% for H19-Igf2 methylation levels with a ROS cutoff value of 60 RLU/s/10 6 sperm indicate the potential of ROS measurement to differentiate normal and abnormal sperm.
Although we studied a population of normozoospermic men, sperm concentration and motility were lower in subjects with ROS ≥ 60 RLU/s/10 6 sperm than those with low ROS. DNA fragmentation and CMI values were increased in both subjects with moderate (ROS > 40 RLU/s/10 6 sperm) and high ROS levels (ROS ≥ 60 RLU/s/10 6 sperm(. Seminal TAC has found to be decreased at ROS levels up to 60 RLU/s/10 6 sperm. However, TAC levels increased in specimens with ROS ≥ 40 RLU/s/10 6 sperm, thus suggesting activation of the antioxidant defense mechanism. Overall, the increase in ROS levels was associated with a marked reduction in semen parameters and sperm DNA integrity.
Our study suggests a link between ROS-induced H19-Igf2 methylation and SP metabolites with semen quality. Since H19 and Igf2 are concerned with restriction in cell proliferation and maturation and cellular growth, respectively, our novel data suggest that H19 gene activation and Igf2 gene inhibition by high ROS levels result in impaired spermatogenesis and sperm maturation. The observed ROS-induced changes in concentrations of seminal metabolites and their associations with semen parameters also suggest that metabolites such as trimethylamine Noxide, tryptophan, tyrosine, and tyrosol are vital for sperm health and maturation. We hypothesize that deterioration of semen quality and sperm DNA integrity in specimens with moderate/ high ROS levels is mediated by alterations in the methylation status of H19-Igf2 genes and SP metabolite concentrations. Future studies should focus on the possible beneficiary effects of antioxidant therapy in ameliorating the detrimental molecular effects of ROS on gene methylation and semen quality. Since the use of epigenetic analysis as a marker of fertility is a rapidly expanding area of ROS research, the simultaneous assessment of noncoding and coding RNAs to determine the ROS-induced epigenetic damages warrants further research.
